INTRODUCTION

Multiple myeloma (MM) is caused by the clonal expansion of malignant MM plasma cells (MM-PCs) in the bone marrow (BM).
MM remains incurable, despite advances in conventional therapy, clinical application of novel agents and high-dose chemotherapy protocols supported by autologous stem cell transplantation. 1 Biological stratification 2 and drug resistance are major challenges in treating MM. 3 The tumor microenvironment appears to have a pivotal role in disease progression. Interactions between MM-PCs and BM stromal cells (BMSCs) promote refractory disease and are correlated with tumor growth and relapse, 4 involving several molecules. 5 MM cells in contact with BMSCs and extracellular matrix components escape the effects of therapy through cell adhesion-mediated drug resistance. 6, 7 MM-PCs achieve this by means of molecules of the integrin family, CD44, Syndecan-1 (CD138), Lymphocyte Function-Associated Antigen-1 (LFA-1), Mucin-1 antigen (MUC-1), Vascular Cell Adhesion Molecule-1 (VCAM-1) and Intercellular Adhesion Molecule-1 (ICAM-1). [8] [9] [10] [11] In line with several observations, [12] [13] [14] [15] Paiva et al. 16 recently demonstrated that integrins and adhesion molecules are overexpressed in MM cells from patients with minimal residual disease compared with MM-PCs from newly diagnosed MM patients. MM-PC-BMSC adhesion triggers interleukin-6 secretion, NF-κB activation in BMSCs 17 as well as the upregulation of signaling pathways in MM cells allowing cell proliferation and survival. 18 Hence, the adhesion/migration systems are key targets 19 in MM treatment. Herein, we investigated contact-induced receptors upon physical interaction of MM and bone cells. 20 We identified members of the junctional adhesion molecule (JAM) family and the chemokine receptor CXCR4 as contact-enhanced targets: first, 21 CXCR4 has been described as a useful theranostic target in MM patients; 22 second, JAM-A is associated with CXCR4; 23 and third, JAM-A was described to have an important role in hematopoietic stem cell biology. 24 These observations prompted us to investigate JAM-A in MM. JAM-A is a type I transmembrane glycoprotein belonging to the immunoglobulin superfamily. 25 JAM-A is widely expressed in human tissues, 26 predominantly in intercellular junctions of epithelial and endothelial cells and on the surface of leukocytes, lymphocytes, platelets and erythrocytes. 27 JAM-A is implicated in cell-cell adhesion, leukocyte migration, platelet activation, angiogenesis and reovirus binding. 28 The JAM-A protein is composed of an extracellular domain with two Ig-like loops, a single membranespanning region and a short cytoplasmic tail terminating in a PDZbinding motif. Homophilic interactions are important for the above-mentioned JAM-A functions in cells. 29 The C-terminal PDZ binding motif can facilitate interactions with various scaffold proteins, such as Zona Occludens 1 (ZO-1), Afadin-6 (AF-6) and Partitioning defective 3 homolog (PARD3). 27 JAM-A dimerization and PDZ-binding motifs are critical in triggering a functional intracellular signaling cascade. [27] [28] [29] JAM-A is a single transmembrane protein with an extracellular domain containing a cleavage site. 30, 31 Circulating soluble JAM-A (sJAM-A) is associated with inflammation, angiogenesis and vascular diseases. 32 However, the significance of variations of plasma sJAM-A remain unclear.
Recently, JAM-A has been implicated in solid cancer progression, but even though JAM-A has been associated with invasion, metastasis and poor prognosis in several solid tumors, [33] [34] [35] [36] [37] [38] its role in hematological malignancies is still unclear. Immunophenotypic studies of JAM-A expression in patients with MM are scanty 26, 39 and its potential biologic and prognostic value remains unknown. 39 Here, we show a correlation between high JAM-A expression in MM patients and poor clinical prognosis. Blocking JAM-A in vitro impaired MM cell viability, proliferation, migration and chemotaxis, and significantly reduced MM progression in vivo and dissemination in MM-bearing mice. On the basis of these findings, we propose JAM-A as a promising novel therapeutic target in the treatment of MM.
MATERIALS AND METHODS
Ethics statement
Approval for the study was obtained from the Institutional Ethics Committee of Würzburg University Hospital. Written informed consent was obtained from all MM patients and all clinical investigations were conducted in accordance with the Declaration of Helsinki. BM aspirates were collected from all patients and controls. All animal experiments were performed in accordance with the German regulations for animal experimentation.
MM patient samples
A total of 147 subjects (63% males and 37% females) was included in our study, comprising 73 patients with newly diagnosed MM, 65 patients who had received previous treatments, among whom 49 patients were with optimal response (22 patients either with complete response or 27 patients with very good partial response, respectively) and 16 patients with suboptimal response MM (15 patients either with partial response or 1 with stable disease, respectively). In nine cases complete clinical and laboratory information was not available for all time points of analysis (Supplementary Table 1 ). All patients were treated between December 2011 and July 2016. Three follow-up visits were scheduled: at the time of recruitment (t0), after receiving at least four cycles of therapy (t1) and at the time of relapse (t2; Supplementary Table 1) . Disease stages included stage I (n = 61), II (n = 53) and III (n = 25). Genetic risk was assessed using fluorescent in situ hybridization at the time of recruitment. Accordingly, high genetic risk was defined as the presence of del (17p) 
Immunohistochemical analysis of BM biopsies
We established immunohistochemical staining protocols for JAM-A in BM biopsies to investigate the protein expression levels in situ in human MGUS-and MM-PCs. Details are supplied in Supplementary Methods.
Enzyme-linked immunosorbent assay
Circulating sJAM-A was quantified in the sera from healthy controls and MM patients with an enzyme-linked immunosorbent assay (ELISA) kit for human JAM-A (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions.
Quantitative real-time PCR
Quantitative real-time PCR was performed using SYBR Green PCR master mix (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. Details are provided in Supplementary Methods.
Small interfering RNA treatment
Small interfering RNA (siRNA) oligonucleotides (Sigma-Aldrich, St Louis, MO, USA) against human JAM-A were used as follows: 5′-GAAGUGAA GGAGAAUUCAATT-3′ (sense) and 5′-UUGAAUUCUCCUUCACUUCTT-3′ (antisense). The sequences of non-targeting siRNA oligonucleotides used as a negative control were as follows: 5′-UUCUCCGAACGUGUCACGUTT-3′ (sense) and 5′-ACGUGACACGUUCG GAGAATT-3′ (antisense). Details are supplied in Supplementary Methods.
Scratch assay
Confluent RPMI-8226 on fibronectin (10 μg/ml)-coated (Sigma-Aldrich) 6 cm 2 dishes were scraped as a 'wound' with a pipette tip. Additional details are provided in Supplementary Methods.
Colony-forming assay
MM cell colonies were evaluated as previously described (details in Supplementary Methods). 41 
Chemotaxis
Chemotaxis was performed using the ThinCert assay (Greiner Bio-One GmbH, Frickenhausen, Germany). Details are provided in Supplementary Methods. Ki-67 evaluation and apoptosis assays are described in Supplementary Methods.
RPMI-8226 luc
+ cell line and culture conditions RPMI-8226 cells were transduced using a firefly-luciferase (luc) and enhanced green fluorescent protein-expressing lentiviral construct as described before. 42 The obtained RPMI-8226 luc + cells were cultured as mentioned above.
In vivo αJAM-A moAb treatment of MM-bearing mice Eight-to ten-week-old female NSG mice were used in experiments (Charles River, Sulzfeld, Germany). Overall, 2 × 10 5 RPMI-8226 luc + cells were suspended in phosphate-buffered saline (PBS) and injected intratibially. One day after the injection, animals were randomized into three groups and imaged by in vivo bioluminescence (BLI) to confirm MM engraftment. Treatment with αJAM-A monoclonal antibody (moAb) started 1 day after MM cell injection. Mice were treated with α-JAM-A moAb 100 μg per 20 g body weight (in 100 μl PBS), mouse monoclonal clone J10.4, purified (Sigma-Aldrich) or an isotype control Ab (mouse IgG Polyclonal Antibody control 12-371, unconjugated, Merck Millipore, Darmstadt, Germany) and 100 μg per 20 g body weight (in 100 μl PBS). The administration schedule was three times per week (nine administrations intraperitonealy) on days 1, 4, 6, 8, 11, 13, 15 and 18; mice were killed for FACS and histology on day 22 after MM injection.
Bioluminescence imaging BLI was performed on mice with an IVIS Spectrum (Caliper-Xenogen, Alameda, CA, USA) imaging system as previously described. 42, 43 Briefly, mice were anesthetized i.p. with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg) in PBS. D-Luciferin (150 mg/kg) was co-injected, and BLI measurements were started exactly 10 min later. Details are supplied in the Supplementary Methods. 44 Ki-67 and TUNEL staining
The fractions of Ki-67 and TUNEL-positive MM cells were morphologically distinguished from BMSCs by microscopic examination (×400). Details are described in Supplementary Methods.
Statistical analysis
Continuous data, lacking Gaussian distribution, were summarized as median and interquartile range. Comparison among independent groups was performed by Wilcoxon sum-rank test, whereas relations between variables were explored with Spearman's correlation coefficient.
Qualitative data were summarized as count and percentage, relations and comparisons analyzed with the χ 2 test. Kaplan-Meier curves were used to show progression-free survival (PFS) and overall survival (OS) related to higher levels of surface JAM-A expression or sJAM-A, and log-rank were determined to evaluate the differences. PFS refers to the time elapsed from the date of enrollment in this study and the date of relapse, disease progression or death, determined from the last follow-up visit (t2). OS refers to the time elapsed from the date of enrollment in this study and date of death from any cause.
Univariate and multivariate Cox models were built to evaluate significant risk factors for OS and PFS in the patient cohort. All analyses were performed with SAS 9.4 for PC Windows. Kaplan-Meier curves were drawn with MedCalc Statistical Software version 17.2 (MedCalc Software bvba, Ostend, Belgium; https://www.medcalc.org; 2017).
For the in vitro experiments Student's t-test and analysis of variance were used to compare normally distributed data, and Kruskal-Wallis and Mann-Whitney test for non-parametric analyses. Error bars are represented as s.d. Two-way analysis of variance, multiple t-test and Mann-Whitney test were used for in vivo data analysis with GraphPad Prism 6 software (GraphPad Software Inc., La Jolla, CA, USA). A two-sided P-valueo0.05 was considered statistically significant.
RESULTS
Decreased PFS in MM patients with elevated JAM expression An aberrant expression of JAM family members has been discovered in several tumors. Although the role of JAM-A in carcinogenesis has been subjected to more experimental studies in solid tumors, data about the hemato-oncological clinical significance of the role of JAM-A remain elusive. Therefore, we analyzed the expression and distribution of JAM-A in MM-PCs (Figures 1a and b, representative patient) , evaluating the relationship between the expression of membrane JAM-A levels, PFS and OS in 141 subjects out of 147 cases (Figures 1c and d,  Supplementary Figure 1, Supplementary Tables 3 and 4) : median PFS differed significantly in subjects with higher membrane JAM-A expression levels than the median: in this group PFS was 16 months (95% confidence interval (CI) 13-18 months), whereas PFS in patients with lower membrane JAM-A expression levels reached 27 months (95% CI 24-33). This difference was deemed statistically significant (log-rank = 9.3916, P = 0.0022). FACS analysis was confirmed at the same time points by immunohistochemistry performed on BM biopsies obtained from patients at the time of recruitment (t0), after therapy (t1) and at disease relapse (t2), as shown in Figure 2 . In contrast, PCs obtained from peripheral blood of healthy donors (N = 19) or from the MGUS patients BM (MGUS, N = 11) did not display detectable JAM-A levels (Supplementary Figure 2A) . Multivariate analysis (Supplementary Table 3) confirmed high levels of membrane JAM-A as a statistically significant risk factor for low PFS (hazards ratio (HR) = 2.347, 95% CI 1.19-4.608). Similarly, high membrane JAM-A expression levels above the median at remission were correlated with earlier disease progression (HR = 1.977, 95% CI 1.141-3.425), as were ISS III (HR = 2.319, 95% CI 1.112-4.839). 
(c) Representative patients with low versus high JAM-A level (FACS). (d) Patients with low expression had a better PFS than patients with high JAM-A expression (log-rank test-left panel). Detailed information for PFS of patients with JAM-A surface expression (right panel). For 5 out of 147 patients JAM-A surface expression was unobtainable and for 1 patient complete information regarding date of disease progression and death was not available.
To better address the relation of JAM-A MM-PC surface expression to survival, we compared median OS in the two groups with high and low membrane JAM-A expression levels (Supplementary Figure 1) . Subjects with high levels of membrane JAM-A reached a median survival of 53 months (95% CI 48-72) in contrast to the median survival of 60 months (95% CI 48-67) in patients with lower JAM-A levels (log-rank = 0.04441, P = 0.8331). Nevertheless, the only statistically significant risk factor that affects OS after multivariate analysis seems to be ISS III, that resulted in an HR 2.327 (95% CI 1.112-4.869-Supplementary Table 4 ).
Subsequently, we measured sJAM-A in the sera obtained from the same subjects. The circulating sJAM-A levels of the MM patients were markedly increased and the average value in MM patients significantly exceeded levels in controls (Supplementary Figure 2B) . Nevertheless, multivariate analysis showed no correlation with PFS and OS ( Supplementary Tables 3 and 4) . The median follow-up was 60 months (95% CI 48-65 months).
Conclusively, MM-PCs JAM-A surface expression was correlated with PFS at both univariate and multivariate analyses and predicted early disease progression.
JAM-A overexpression is correlated with aggressive disease
To further explore the relationship between JAM-A expression and MM disease, we investigated the correlation between membrane JAM-A expression and clinicopathological parameters. Therefore, we analyzed the expression and distribution of JAM-A in MM-PCs derived from separate subgroups from our cohort (Figure 3a) and at disease relapse (Supplementary Figure 3A and Supplementary Tables 3-6). JAM-A surface expression in all MM subgroups exceeded expression levels of controls (P o 0.0001) and membrane JAM-A was significantly higher at relapse (t2) than after treatment (t1; P o 0.0001). Moreover, JAM-A surface level at relapse showed a significant direct correlation with the proportion of BM-PCs' infiltration (rs = 0.25; P = 0.0051) and with B2-MGB (rs = 0.322, P = 0.0039; Supplementary Figure 3A , Supplementary  Table 5 ). Remarkably, the membrane JAM-A class (higher than the median, lower than the median) was significantly correlated with ISS (Supplementary Table 6 Table 6 ): 70.8% of genetic high-risk patients had membrane JAM-A levels above the median at the day of biopsy; this percentage decreased in the intermediate risk group to 46.2% and among the standard genetic risk patients to 34% (χ 2 = 14.02, P = 0.0009). The same situation was found at relapse, with 89.6% of the subjects at high genetic risk being assigned to the higher membrane JAM-A value class, whereas this class of membrane JAM-A included 34.2% of those in the intermediate and 28.6% in the standard genetic risk groups (χ 2 = 14.45, P o0.0001). On the basis of univariate analysis (Supplementary Table 5 ), a high expression of membrane JAM-A at the time of recruitment was significantly inversely correlated with age (rs = − 0.29, P = 0.0004) and Bence-Jones protein (rs = − 0.21, P = 0.0298).
All the MM subgroups showed high sJAM-A levels (Figure 3b  and Supplementary Tables 5 and 6 ) and sJAM-A at disease relapse was significantly correlated with the number of bone lesions at the time of recruitment (rs = 0.224, P = 0.0066) and inversely correlated with paraprotein at disease relapse (rs = − 0.318, P = 0.0008), and total protein at the time of recruitment (rs = − 0.21, P = 0.0108). Furthermore, sJAM-A levels at relapse were significantly directly correlated with BM-PCs' infiltration (rs = 0.21, P = 0.0192, Supplementary Figure 3B ) and inversely correlated with BJ (−0.327, P = 0.0008) and the number of bone lesions (rs = − 0194, P = 0.0191). Serum JAM-A at the time of recruitment was directly correlated with disease stage (χ 2 = 9.29, P = 0.0096); moreover, sJAM-A after treatment was directly correlated only with ISS: sJAM-A values above the median were present in 48% subjects with ISS III, in 24.5% subjects with ISS II and in 22.9% subjects with ISS I (χ 2 = 6.04, P = 0.0488; Supplementary Table 6 ).
JAM-A inhibition decreases MM cell migration, proliferation and survival in vitro
To investigate the clinical findings from primary samples, we investigated JAM-A function in the biology of MM in vitro, particularly regarding MM progression. First, we characterized JAM-A expression in different MM cell lines (RPMI-8226, U266, NCI-H929, OPM-2 and INA-6), at transcriptional level. As controls, HUVEC cells, which express JAM-A upon treatment with TNFα, 45 were used. Two of the five MM cell lines homogenously expressed JAM-A (RPMI-8226, U266, P o 0.0001), whereas the others expressed little or no JAM-A transcripts (Supplementary Figure 4A) . Immunofluorescence microscopy, flow cytometry and western blotting confirmed these results (Supplementary Figures  4B-D) . Consequently, we used RPMI-8226 cells in further loss-offunction studies. Using siRNA to knockdown JAM-A expression in this cell line, we addressed whether JAM-A participates in modulating MM cell proliferation and dissemination. JAM-Aspecific siRNA effectively suppressed total JAM-A expression, evaluated at both transcriptional and translational levels, as compared with negative control siRNA-transfected cells (Figures 4a-c) . Subsequently, we conducted five different functional assays to assess the impact of JAM-A targeting in vitro (Figures 4d-h Figure 5b ). BLI signals increased more strongly in isotype CTRL and untreated animals than in αJAM-A moAb-treated mice (Figure 5c ). Treatment showed an overall significant difference in MM progression when comparing the three experimental groups (P = 0.0189). The first significant differences were reached on day 8 after MM cell injection, when comparing JAM-A treated with isotype-treated mice (P = 0.047) as well as with untreated mice (P = 0.028). MM progression in isotype-treated mice did not differ statistically at any time point from untreated mice. Ex vivo BLI imaging of the tibia from tumor-bearing mice revealed a strong infiltration of MM cells into the BM (data not shown). Furthermore, sJAM-A serum levels from MM-bearing mice significantly exceeded those of healthy mice on day 22 (275 ± 27.62 pg/ml, N = 8 versus 14.81 ± 3.53 pg/ml, N = 3; P o 0.0003, Supplementary Figure 5 ).
DISCUSSION
Upregulation of JAM-A has previously been linked to cancer progression. [29] [30] [31] [32] [33] Collectively, our results show, for the first time that human JAM-A controls tumor proliferation in vitro and in vivo. Therefore, we postulate that JAM-A may be a potential novel target against MM. BLI signals markedly increased in control animals (isotype and untreated). αJAM-A moAb treatment impaired disease progression, with the first significant differences appearing on day 8 after MM cell injection (one-way ANOVA; P = 0.014) and dorsal (iso-CTRL versus αJAM-A P o0.0001) images.
The moAb J10.4, by specifically targeting JAM-A, decreased tumor activities in vitro and disease progression in vivo and exerted significant antitumor effects in xenograft models of human tumors. The present study offers new insights into a potential double role for adhesion molecules like JAM-A, as clinically significant biomarkers and as novel therapeutic targets in MM.
Given the findings described in solid tumors, JAM-A expression seems to promote proliferation and inhibit apoptosis. 20 So far, little is known about the role JAM-A may have in hematological malignancies, whereas a role for JAM-A as a proliferation enhancer has been highlighted by in vivo studies in which JAM-A inhibition led to tumor shrinkage in breast, head and neck, and lung cancer models, due to decreased proliferation. [29] [30] [31] [32] The dependence of these events on JAM-A dimerization 20, 27 might suggest an alternative regulation of JAM-A signaling between physiological versus pathophysiological settings. It is intriguing to speculate that in the physiological setting of an intact epithelial barrier, JAM-A homodimerization between adjacent cells could inhibit proliferation to maintain barrier homeostasis. In contrast, in pathophysiological settings, for example, JAM-A upregulation in cancer, 27 JAM-A overexpression distributed across the surface of less-polarized cells might engage in adhesion-independent signaling to promote cell proliferation. Overall, this suggests a complex spatial and temporal regulation by JAM-A of the cellular phenotype. This offers great promise for selective pharmacological targeting of JAM-A. Interestingly, a study published while our data were being concluded 39 found JAM-A to be a predictive biomarker for sensitivity to the Reolysin-induced cell death in advanced MM. Our study substantially extends these findings by providing a deeper insight into the translational relevance of therapeutic JAM-A targeting. Furthermore, we also show a prognostic significance of JAM-A expression for MM patient. In the current study, MM patients with poor prognosis displayed significantly higher JAM-A cell surface and serum levels. Our findings should encourage a prospective survival study with higher number of patients to clarify the correlation of MM-PCs' JAM-A surface expression with OS and JAM-A serum levels' relationship with OS and PFS. Unlike the membrane expression of the molecule, a relatively specific indicator of the JAM-A tumor load, the JAM-A serum concentration reflects the production and secretion, which depend on several cell-intrinsic, local and systemic factors such as inflammation and angiogenesis. 31 Conclusively, we propose JAM-A as a promising diagnostic and therapeutic target in MM.
